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Abstract

The active response of a series of polymeric materials was investigated. Both solvent
activated and light activated thin films and wire systems show dynamic behavior when exposed
to different stimuli.
Solvent mediated fluxional behavior of polymer thin films involved extensive, rapid curling
both on infusion and evaporation of good solvents. These films can be either lab-fabricated ones
or commercial ones, and the curling behavior can be as fast as seconds. Conditions including
polymer materials, chosen solvents, and film geometry can affect the behavior.
Methods that allowed for the creation and retention of distorted wire structures were also
developed; the asymmetric sputtering of metal components on micron-sized wires permitted for
the capture of curled wire components on solvent exposure. The asymmetric metal coated wires
which were fabricated within a template of glass capillary arrays (GCA) membrane have shown
instant (< 1 s) deformation when exposed to the proper solvents. Deformed shapes can be
retained or the original linear shape recovered, depending on the metal film thicknesses.
Photostimulation of wires was also investigated and showed a notable dynamic response but
not as extensive as with the solvent induced behavior. Micron sized wires made with
azobenzene-polyacrylate, exhibited a bending behavior when irradiated with 365 nm UV light
and recovered under visible light. The bending behavior can be as slow as several minutes per
degree while recovery was relatively faster.
Additional efforts with polymers involved the formation of polymeric organic-inorganic
hybrids where organic monomers, grafted to perovskite layers, were polymerized within the

xii

oxide’s interlayers. Reactions were carried out on protonated perovskite, hydrogen lanthanum
niobate (HLaNb2O7). Alkoxyl groups were first grafted to the oxide and the monomer was
substituted by exchange reaction with the alkoxyl groups.

Keywords: polymer films, bending, azobenzene, polymer wires, perovskite, grafting.
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Chapter 1
Introduction
1.1. Polymer
We are in a world surrounded by polymers, from proteins for eating to clothing for wearing,
from water pipes in living to tires of auto vehicles in traveling. The patterns in Figure 1.1,
1.1 for
example, stand for some typical polymer materials we see around us in everyday life ---- they are
plastic signs. Different numbers mean different polymer compositions and have different
applications. PETE for example is widely used as water bottles while HDPE can be often seen in
laundry detergent and milk containers.

Figure 1.1. 1Plastic signs. PETE = polyethylene terephthalate, HDPE = high
high-density
density
polyethylene, V (or PVC) = polyvinyl chloride, LDPE = low
low-density
density polyethylene, PP =
polypropylene, PS = polystyrene,
ystyrene, OTHER = other mixed resins.

Among all these polymers, some naturally formed and so named as natural polymers while
others are synthesized in labs or factories, named as synthetic polymers. In today’s
today market place,
almost 90 billion pounds of synthetic polymers are produced in the United States,
States nearly 25
billion dollars of resins and plastics are exported
exported, while about 14 billion dollars of those are
imported each year.2
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The word polymer is derived from Greek poly and meros, which mean “many and parts”.2
IUPAC has defined polymer as: “A molecule of high relative molecular mass, the structure of
which essentially comprises the multiple repetition of units derived, actually or conceptually,
from molecules of low relative molecular mass.”3 An example of polymer is polypropylene,

composed with the repeated propylene structural unit, and can be written as

. The

subscript number n means the total number of the structural units in the polymer molecule.
1.2. Polymerization
Polymerization is the process of converting one kind of small molecules (monomer), or a
mixture of several kinds of small molecules, into a large molecule, the polymer.4 Based on the
structure, polymers are often divided into condensation and addition polymers. A condensation
polymer is one which is formed from some bi- or poly-functional monomers and some small
molecules such as water or hydrogen chloride are eliminated as by-products. An addition
polymer is one in which one monomer is added to another without any loss of the structural
components.5 In other words, the difference between the two is whether the structural unit of
polymer has the same composition as monomer or monomers -- the condensation one doesn’t
because of the elimination reaction while the addition one does.2 Polyhexamethylene adipamide,
also known as nylon 66, is a typical condensation polymer where water is eliminated. The
reaction is:

Polystyrene is a typical addition polymer.

2

Based on chain-growth mechanism, the polymerization process is often divided into stepgrowth polymerization, which is usually condensation polymerization, and chain polymerization,
which is dominated by addition polymerization. In step-growth polymerization the reaction
occurs stepwise between the functional groups of reactants. Reactions begin with monomers to
form a dimer, trimer, tetramer, etc., and continue with the reaction between any two possible
species. The size, and so the molecular weight of the polymer, increases slowly in this process.2,
6

Reactions based on functional groups like esterification and amination are often involved in

this kind polymerization.
During chain-growth polymerization, reaction initiation is required to begin the chain
growth. The initiation center can be a cation, an anion or a radical. Monomers can only react
with reaction centers. Reaction continues until it is terminated or all monomers are consumed.
Polymer chains are formed at the very beginning. The molecular weight of polymer increases
right after the reaction begins.
As a comparison of the two kinds of polymerization, monomers in step-growth disappear
much faster than in chain-growth while molecular weight increases much slower in step-growth
than in chain-growth.2, 4-6 Figure 1.2 shows schematic process of polymerization and Figure 1.3
shows the molecular weight increases for both step-growth and chain-growth.
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Figure 1.2. Depiction of polymerization begins from left and progresses towards the right. (a)
Step-growth for monomers R and R1; (b) chain-growth for monomer R.2

Figure 1.3. Degree of polymerization (DP) as a function of reaction time and reaction
temperature (T) for (a) step-growth polymerization and (b) chain-growth polymerization.2
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1.3. Stimuli-Responsive Polymers
The length, structure and functional groups of a polymer make it possible that the polymer
shows response to external stimuli. Stimuli-responsive polymers refer to those polymers which
show dramatic property changes due to small changes in the environment.7-8 The various
external forces which trigger such polymers have been widely researched and include electric
fields,9 magnetic fields,10 light,11-16 temperature,17-20 ionic strength9, 21 and pH change.18-20, 22
Responses might involve changes of volume, color,12 solubility,21 transparency,21 or shape.10-11
The first report of polymer deformation under an electric field was in 1982 by Tanaka,23
where a polyacrylamide hydrogel was found to collapse or swell when an electric field was
applied to the gel. The differences in volumes between swollen and collapsed gels were as much
as a hundred fold. Tanaka also found that dramatic variations in hydrogels could be realized
when temperature,24 solvent concentration,24 pH,25 and light26 were changed.
One of the recent developments was published in 2008, where a yellow colored, coil shaped
polymer materials, composed of fluorescent chromophores doped crosslinked poly(cyclooctene)
matrix, was placed in 70 ºC silicon oil, it was found to become green in color and obtain a
straight shape.27 Another example was the block copolymer, PNIPAAm-b-PIL, (PNIPAAm =
poly (N-isopropylacrylamide), PIL = poly (ionic liquid)), which showed changes in solubility as
a function of solution ionic strength and temperature.21 A 2 % aqueous solution of this
copolymer was clear at room temperature, but when potassium bromide KBr was added to a
concentration of 1.1 M, the hydrophobic PIL segment collapsed and formed a core structure,
while the hydrophilic PNIPAAm segment remained solvated; at this point and the solution
became translucent. When temperature increased to 60 ºC, PNIPAAm became hydrophobic,
collapsing around the outside of the PIL core, and the solution turned opaque.
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Some of the stimuli-responsive polymers will fully recover after the external stimuli and
return to their original configuration while others retain their new configurations after removal of
external stimuli. The polymers which undergo response to stimuli and then recover are also
called smart polymers. Smart materials were first named in 1988,28 when researchers found that
a material viscosity changed immediately with a current change. One kind of smart polymer
consists of shape memory polymers, which undergo recoverable deformation with external
stimuli such as temperature, light and electric field.10 Much of the efforts in the development of
new smart materials have been towards the production of materials that mimic what happens
naturally.8 Significant results have been recently obtained in both biological and medicinal
systems.27, 29-31
With further developments in modern science and technology, micro- and nano-sized
materials are getting more and more attention. Micro- and nano-sized stimuli-responsive
polymers are also well investigated. Methods such as microcontact printing32-33 and
photolithography34-35 are used to fabricate these materials, and optical and electron microscopy
are the common methods to characterize them. Applications include microgrippers to grasp
cells,35 sensors and actuators in microelectromechanical systems,36 switchable interfaces for
biomolecules,37 drug and gene deliveries and catalytic systems.7, 18-20
1.4. Polymer Swelling
Like small molecules, polymers can also interact strongly with specific solvents. Due to the
long chain structure of the polymers, dissolution is more complicated than that of a simple
molecule. The Flory-Huggins χ parameter (Eq. 1-1) is an empirical equation used to describe the
interaction of polymers and solvents.38-39
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x

(Eq. 1-1)

Where ∆µ P is the chemical potential difference of the polymer chain between the solution and
the polymer melt, Φ is volume fraction of polymer chains in the polymer-solvent system, R is the
gas constant, T is the temperature and x is the ratio of the molar volume of the polymer to that of
the solvent.
When χ < ½, the polymer-solvent interactions are preferred where each polymer chain is
surrounded by solvent molecules, and polymer chains expand along their length in the solvent.
Those solvents that are effective in solvating a polymer chain are called “good solvents”. Good
solvents lower the free energy of the system when the enthalpy decreases by dissolution.
For χ > ½, polymer-polymer and solvent-solvent interactions dominate, and polymer chains
are contracted in solvent. In this case, the solvent is called a “poor solvent”. For yet higher
values of χ, polymer cannot dissolve in the solvent any more, and the solvent is referred to as a
nonsolvent.
For χ = ½, the interactions of polymer-polymer and polymer-solvent are the same, and the
polymer chains act like ideal chains. An ideal chain is a chain in which monomers are freelyjointed, without exclusive volume, and where the chain is modeled as a random walk. Exclusive
volume means that the space occupied by one monomer of a polymer chain cannot be occupied
by another one and the term random walk means the chain behaves like a liquid or a gas. The
temperature at this point (χ = ½) is called the theta temperature, and the solvent is called the theta
solvent.38, 40
Polymers in which the chains are linked to each other at the points other than chain ends are
called crosslinked polymers.6 Minimal crosslinking can help increasing the elasticity of the
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polymer materials. While with extensive crosslinking, polymer chains form a three-dimensional
network, which provides a rigidity and dimensional stability to the polymer material.6
A crosslinked polymer can swell once it is in contact with a good solvent.41-42 As early as
1943, Flory and Rehner described the swelling behavior of crosslinked polymers and pointed out
that the swelling process reaches equilibrium when the opposite entropies, the decreasing chain
configurational entropy produced by swelling and the increasing entropy produced by mixing
solvent and polymer, become equal.43
The swelling behaviors of nonionic polymers and ionic polymers are different. For nonionic
polymers, a polymer chain segment between two crosslinking points will experience two forces42.
First is solvation, generated from the interaction between the polymer chain segment and solvent
molecules. The interaction, as discussed above, can be van der Waals forces, hydrogen bonding,
or dipole-dipole interactions.38 When solvation develops to a certain degree and the segment
elongates to a certain length, a retractive force in the opposite direction of the segment expansion
is generated.
For ionic polymers, the swelling is more complex. Tanaka and Ricka44 have discussed that
the equilibrium of ionic polymer gel swelling depends on the Gibbs free energy of these items:
Free energy contributed by neutral network, by dilute solution of ions or neutral molecules
within the gel, by the dissociation of the acid groups and by the Coulombic interactions within
the system. Further, they predicted that any change of temperature, pH, ionic strength,
composition and impurity levels can affect the polymer swelling behavior.
Flory provided equations to express polymer swelling and experimentally supported his
results:41
/

 









  /
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(Eq. 1-2)

where qm is the swelling ratio, V0 is the unswollen polymer volume, γe is the effective number of
chains in the polymer network, χ1 is the Flory-Huggins parameter mentioned above, and v1 is the
molar volume of the polymer.
1.5. Photoisomerization of Azobenzene
Azobenzene and its derivatives are well known for their photoisomerization properties.
With light irradiation, the longer trans-azobenzene configuration can switch to shorter cisazobenzene structure or vice versa.45-46 As shown in Figure 1.4, there is an about 0.4 nm length
difference between the two isomers. The C-N-N valence angles for trans- and cis-isomers shown
in Figure 1.4 are 114º and 121º, respectively,47 while a little different values, 117º and 124º are
also reported.48
The isomerization is believed be either n-π* and π-π* electron transitions.46, 49 n-π*
excitation is an S0 → S1 excitation with an inversion mechanism, and π-π* excitation is an S0 →
S2 one with a rotation mechanism.49-50 While in some recent studies, it is considered that the
torsion around the N=N double bond is the preferred mechanism.48
With the reversible photoisomerization properties, azobenzene and its derivatives are widely
used in light-driven materials and devices11, 51-56. For example, a film (4.5 mm × 3 mm × 7 µm)
fabricated with azobenzene derivatives showed a continuous bending and relaxing cycle with the
irradiation of light11. The bending-relaxing cycle can be very fast; a photo-driven oscillator (5
mm × 1 mm × 50 µm) with frequency larger than 20 Hz was reported in a more recent study.56
Photosensitive micro- and nano-materials containing azobenzene and its derivatives were
also reported.55, 57-62 Among these materials, azobenzene families can be either used as the
fabricating materials themselves,55, 57 or grafted58-61 or doped62 into other structures.

9

Figure 1.4. Structure and conformation of azobenzene. Φ: valence angle, θ: torsion angle. Cisazobenzene: Φ ≈ 121º, θ ≈ 53º; trans-azobenzene: Φ ≈ 114º, θ ≈ 15º.45, 47

1.6. Fabrication of Polymer Micro- and Nano-sized Materials
As with many other materials, micro- and nano-sized polymers can also be fabricated by
template or template-free methods. Template methods include hard template and soft template
approaches. Hard templates can be membranes with micro- or nano- pores such as track-etched
polycarbonate membrane,63-65 anodic aluminum oxide (AAO) membrane,66-67 and glass capillary
arrays (GCA) membrane.68 The hard-template method for fabricating conductive polymer
nanomaterials was first developed by C. R. Martin and his group in 1980’s.69 Hard templates
can also be zeolites.70 Usually in the template method, if the polymers are conductive, such as
polyaniline,71 polypyrrole,63, 72 and poly (3-methylthiophene),73 electrodeposition is used for
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fabricating nanowires, nanotubes and nanorods. Additionally chemical polymerization within
the membranes can also be effective.74-76 Precursors are often introduced into the nanochannels
by sonication or vacuum,74 and then polymerization is carried out.
The soft template method involves self-assembly for creation of the template. Here micelles,
liquid crystals,77 surfactants78 and reversed-micro-emulstions79 can all be used as templates.
Template-free methods also exist. This refers to those processes where during synthesis, the
monomer or its salt forms the micellar structures. Special dopants80-81 or oxidants82 can be
involved to help the construction of the micro- or nano-structures.83
1.7. Grafting Reactions of Layered Perovskites: Inorganic-Organic Hybrids
Perovskite and perovskite-related compounds are known to exhibit a number of structural
variations.84 Simple perovskites, ABX3, typically consist of a large electropositive cation (A), a
transition metal cation (B) and an anion (X). Figure 1.5a shows a schematic of the basic cubic
perovskite structure; the B cations reside in octahedral sites surrounded by the oxide ions and
these BO6 octahedra corner-share to form an extended 3-D structure. The A cation sits in a 12
coordinate site, surrounded by 8 BO6 octahedra. Beyond the basic structure, some alternate
structures are also found and investigated. For example, a structure that consists of AO3 cubicand hexagonal close-packed layers with the B-cations occupying ¼ of the octahedral sites
(Figure 1.5b). Other variants of the perovskite structure are layered and include the DionJacobson (DJ), Ruddlesden-Popper (RP), and Aurivillius (AV) phases (Figure 1.6). The DJ and
RP phases have the compositions A[A'n-1BnO3n+1] and A2[A'n-1BnO3n+1], respectively, where A
and A' are typically alkali-metal, alkaline-earth or rare-earth cations, B is a transition metal
cation, and n is the layer thickness.83
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B

A

X
(b)

(a)

Figure 1.5. (a) Simple perovskite structure ABX3 (e.g. SrTiO3); (b) close-packed hexagonal
perovskite (e.g. 6H-BaTiO3). A: large electropositive cation; B: transition metal cation; X: anion
(usually oxygen).85

A

A’

B

(a)

(b)

(c)

Figure 1.6. Layered perovskite structures. (a) Dion-Jacobson A[A'n-1BnO3n+1] (n = 2); (b)
Ruddlesden-Popper A2[A'n-1BnO3n+1] (n = 3) and (c) Aurivillius perovskite, which always
contains Bi-O or Bi-Pb-O interlayers; A and A′ are alkali-metal, alkaline-earth or rare-earth
cations, B is a transition metal cation and n is the layer thickness.85
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Topochemical reactions, which refer to the manipulations of solid compounds while
retaining important structural features in the compounds, are well studied in recent years, and the
applications of these various methods to layered perovskites have been reviewed recently by our
group.85 Topochemical manipulations often involve ion exchange, intercalation (reductive,
oxidative, and neutrals), layer extraction, reductive deintercalation, grafting, exfoliation, layer
construction, pillaring, and substitution reactions. Among them, grafting reactions refer to the
reactions where organic substituents are covalently linked to perovskite layers.
Some of the early studies in the area of grafting focused on the layered oxyhalide, FeOCl.
86,87

Recent efforts involving grafting of perovskites have been quite productive and show that a

variety of substituents can be tethered to the apical oxygens of perovskite blocks. The Sugahara
group has been especially important to the development and expansion of functionalized
perovskite interlayers. 88 Direct reactions have been reported with double-layered (HLaNb2O7)8992

and triple-layered (HCa2Nb3O10)93 DJ perovskites. Of particular interest are the methods for

routinely attaching various organics including alcohols, polyethers, and carboxylates. Some
reactions involve relatively simple direct exchange where reagents combine with the acid form to
produce the functionalized host. n-propanol, for example, readily reacts with HLaNb2O7.
Considering just the protonated interlayer NbO6 octahedra (i.e., (HO)NbO5), where the
substitution reaction takes place, this process can be described by:
(HO)NbO5 + CH3CH2CH2OH  (CH3CH2CH2O)NbO5 + H2O
Other reactions with alcohols containing branched or larger organic groups (R′) can also occur
by exchange of one R group for another,
(RO)NbO5 + R′OH  (R′O)NbO5 + ROH
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Though formally this reaction could be described as preceding in a single step, mechanistic
studies indicate that water is critical in this conversion, suggesting (HO)NbO5 as a likely
intermediate.
Direct grafting reactions of alcohols to the RP layered perovskite, H2La2Ti3O10, are not
possible. Pre-reaction of H2La2Ti3O10 with an n-alkylamine (e.g., n-butylamine) activates this
host so that subsequent treatment with n-propanol leads to the desired n-alkoxy derivative.
Alcohol-alcohol substitution reactions can then be used to graft a series of other alcohols (nCnH2n+1OH for n = 3, 4, 8, 10, 12) onto the RP host.
In another recent report,92 researchers were able to graft polyether chains,
CH3(OCH2CH2)mOH (1 ≤ m ≤ 4), to the DJ host HLaNb2O7. This is particularly compelling in
that subsequent treatment of the m = 2, 3 compounds with a LiClO4 solution produced room
temperature ionic conductivity on the order of 10-6 Ω-1-cm-1. Such composites could be utilized
as polymer electrolytes in energy storage and conversion materials.
Other studies have involved the attachment of silicon and phosphorus containing species to
DJ hosts. In one study, Sugahara and coworkers have attached a series of chlorohydrosilanes,
Clx(H)SiMe3-x (x = 1, 2, 3) to organic ligands via hydrosilylation reactions within the perovskite
interlayer.94 The silane groups attach to the terminus of the organic chain. In another study, this
same research group reported evidence for the direct attachment of a silane group to the niobium
of the perovskite block (Nb-O-Si).95 A sol-gel process is used that first involves the reaction of a
combination of silanol-terminated poly(dimethylsiloxane) (PDMS) and tetramethoxysilane
(TMOS) with n-decoxy derivatives of either HLaNb2O7 or HCa2Nb3O10, followed by hydrolysis
with hydrochloric acid. In a further study, organophosphonic acid groups were reacted with the
double-layered n-decoxy DJ compound.96 Here phosphorus linkages (Nb-O-P) were accessible.
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Reactions between phenylphosphonic acid and n-alkylphosphonic acids (n-CnH2n+1-PO(OH)2, n
= 4 - 18) readily occurred.
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Chapter 2
Bending Behavior of Polymer Films in Strongly Interacting Solvents
2.1. Introduction
Polymer films made of different materials can respond dramatically to various external
stimuli. For example, Baker et al.1 reported that flash-welded polyaniline films curled in an
acidic solution, and uncurled on exposure to base. In another study, Yu et al.2 found that
azobenzene-polyacrylate films bent under UV light, and recovered on exposure to visible light.
It is also notable that in both of the examples, the film responses were fast in that the bending
behavior occured in less than 30 seconds.
Mechanical responses in polymers that include swelling or shrinking events from solvent
interactions (including aqueous solutions) have been well studied and reviewed.3-9 These
materials often have applications or potential applications in devices including sensors, drug
carriers and actuators for drug delivery,3, 6 solvent leakage detection,10 microfluidic systems11
and so on. In one example, Marquez et al.12 reported that a material composed by mixing
polybutadiene rubber with carbon black and graphite swelled in organic solvents, which led to a
decrease in conductivity by 30% at 1.5 min and 60 % at 5 min. In another study, Lin et al.13
found that the bending behavior of an IPN (interpenetrating polymer networks) hydrogel actuator
composed of poly(vinyl alcohol) (PVA) and poly(acrylicacid-co-2-acrylamido-2-methyl propyl
sulfonic acid) (P(AA/AMPS)), varied as a function of Na2SO4 concentration and applied voltage.
The IPN swelled and bent toward the cathode when the Na2SO4 concentration was larger than
0.005 M, while concentrations less than 0.005 M, the IPN hydrogel deswelled, and the gel bent
toward the anode direction.
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Unlike those stimuli based on structural variation induced by, for example, light or pH, in
this chapter, we are utilizing a solvent-uptake mechanism (swelling) for actuation of various
polymers. We find that this approach can be applied to a number of polymer materials making
actuator systems based on this behavior that much more viable.
2.2. Experimental
2.2.1 Synthesis.
The reagents 4-aminophenol, phenol, 6-chloro-1-hexanol, acryloyl chloride, and
polyethylene glycol (PEG) 600 were purchased from Alfa Aesar and
tetrabutylammoniumbromide from Sigma-Aldrich. All were used as received. 2, 2´azobisisobutyronitrile (AIBN) was purchased from either Sigma-Aldrich or Fisher Scientific and
recrystallized from methanol before use.
4, 4´-Dihydroxyazobenzene (1). 4, 4´-Dihydroxyazobenzene was synthesized following
the method of Hu et al.14 16.350 g (0.150 mol) of 4-aminophenol was dissolved in a mixture of
41 mL water and 41 mL of concentrated HCl to form a suspension. The mixture was then cooled
with an ice-water bath with vigorous stirring. A solution of 11.442 g (0.166 mol) of sodium
nitrite in 35 mL of water was added with a dropping funnel. Concurrently, 14.117 g (0.150 mol)
of phenol was dissolved in a solution of 15 g of sodium hydroxide in 50 mL of water and cooled
to 0 °C. Diazotization solution (the first reacted solution) was added to phenol solution dropwise.
Then, HCl (12 M) was used to adjust pH to around 1.0. The reaction was continued for another
2 hours with stirring. The precipitate was filtered and washed with an excess of distilled water
until a pH 7 was achieved. The crude product was recrystallized three times with acetone/water.
Yield: 11.632 g (37.36%). Characterization: 1H-NMR (in acetone-d6, ppm): 6.93 (d, 4H, Ar-H),
7.78 (d, 4H, Ar-H), 8.96 (s, 2H, Ar-OH).
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4, 4´-Bis (6-hydroxyhexyloxy) azobenzene (2). 4, 4´-bis (6-hydroxyhexyloxy) azobenzene
was synthesized following the method of Kumaresan et al.15 This reaction was carried out under
dry nitrogen. 3.032 g (14.15 mmol) of 4, 4´-dihydroxyazobenzene, 10.891 g (70.75 mmol) of
potassium carbonate and 0.178 g (5% amount to 4,4´-dihydroxyazobenzene) of
tetrabutylammoniumbromide were dissolved in 30 mL of anhydrous dimethylformamide (DMF).
The mixture was heated to 90 °C. 4.253 g (31.13 mmol, 4.15 mL) of 6-chloro-1-hexanol was
added dropwise. The reaction was maintained for 48 h at 90 °C. The reaction mixture was
cooled to room temperature and slowly poured into 100 ml of 6 M HCl. The resulting precipitate
was filtered and washed with an excess of distilled water until pH 7. The product was vacuum
dried and then recrystallized with acetone. Yield: 3.623 g (61.8%). Characterization: 1H-NMR
(in acetone-d6, ppm): 7.89 (d, 4H, Ar-H), 7.09 (d, 4H, Ar-H), 4.11 (t, 4H), 3.56 (q, 4H), 3.44 (t,
2H), 2.81 (t, 4H), 1.83 (quin, 4H), 1.59-1.43 (m, 12H).
4, 4´–Bis (6-acryloyloxyhexyloxy) azobenzene (3). This reaction followed the published
work of Angeloni et al.16 The reaction was also carried out under dry nitrogen. 2.039 g (4.919
mmol) of 4, 4´ –bis (6-hydroxyhexyloxy) azobenzene was dissolved in 30 mL of tetrahydrofuran
(THF). 1.194 g (11.8 mmol, 1.64 mL) of triethylamine was then added, followed by 1.068 g
(11.8 mmol, 0.96 mL) of acryloyl chloride added dropwise. The reaction was carried out for 2
hrs with vigorous stirring. The mixture was filtered and the precipitate was washed with THF
several times and combined to filtrate. THF was distilled off. The product was then
recrystallized twice with acetone. Yield: 0.682 g (26.5%). Characterization: 1H-NMR (in
acetone-d6, ppm): 7.86 (d, 4H), 7.10 (d, 4H), 6.34 (dd, 2H), 6.15 (q, 2H), 5.87 (dd, 2H), 4.14 (m,
8H), 1.43-1.33 (m, 16H).
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Figure 2.1. Synthesis of product 1, 2 and 3.
Diacryloyloxy polyethylene glycol (PEG) (4). This reaction is similar to the preparation of
4,4´–bis (6-acryloyloxyhexyloxy)azobenzene. 18.538 g (0.03090 mol) of dihydroxy
polyethylene glycol 600 was dissolved in 100 mL of THF. 7.504 g (0.07416 mol, 10.31 mL) of
triethylamine was added. The mixture was cooled to 0 °C. 6.712 g (0.07416 mol, 6.03 mL) of
acryloyl chloride was added dropwise. The reaction continued for another 4 h with vigorous
stirring. The precipitate was separated by centrifugation. The residue was washed with THF
twice and all solutions combined. If needed, the combined solutions were centrifuged again.
The THF was distilled off. Yield: 19.985 g (91.35%).
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Figure 2.2. Synthesis of product 4.

2.2.2 Polymer Films
Azobenzene-polyacrylate films (P1). Films were cast following published procedures.16
0.0289 g (0.00553 mmol) of 4, 4´ –bis (6-acryloyloxyhexyloxy) azobenzene and 0.011 g (0.0067
mmol) of AIBN were dissolved in 1 mL of toluene in a flat bottom single-necked flask. After
three freeze-thaw pump cycles, the solution was put into an 90 °C oil bath. Polymerization was
carried out over 48 h, the toluene solution was decanted off, and the polymer film was washed
several times with methanol. The film was carefully separated from the bottom of the flask. The
film was then cut into specific shapes with scissors.

Figure 2.3. Polymerization of product 3 towards P1, a crosslinked polymer.
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PEG films (P2). 0.9935 g (1.391 mmol) of diacryloyloxy polyethylene glycol, 0.0205 g
(0.00392 mmol) of 4, 4´ –bis (6-acryloyloxyhexyloxy) azobenzene and 0.026 g (0.016 mmol) of
AIBN were dissolved in 1 mL of toluene in a flat bottom flask. After three freeze-thaw pump
cycles, the solution was put into a 90 °C oil bath. Polymerization was carried out for 2.5 h, the
toluene solution was decanted off, and the polymer film was washed several times with acetone.
The film was carefully separated from the bottom of the flask. The film was then cut into specific
shapes with scissors.
Other films. Other thin polymer sections, including latex glove (poly (cis-1,4-isoprene),
Scotch tape (acrylic polymer), plastic bag (polyethylene), water bottle (polyethylene
teraphthalate, PETE) were taken directly from the common everyday items and were cut into
various shapes with scissors.
Interaction of solvents and films. For the interaction of films and solvents, films were put
in contact with solvents by the following methods: (i) Solvents were put in vials, and then films
were immersed into the solvents and the behaviors were watched and recorded. (ii) Films were
suspended and drops of various solvents were applied to the films via a syringe. (iii) Solvents
were placed in a watch glass; films were soaked and then taken out, dried in the air. (iv) Films
were placed in a watch glass and solvents were added slowly from a film edge so that films were
only partially immersed.
Characterization. Each product toward monomer (including monomer) was characterized
with Varian 400 MHz 1HNMR. Videos were taken with Panasonic DMC-F27 and images were
captured from real-time videos and cropped if necessary. Scanning electron microscopy (SEM)
images were taken with Jeol JSM-5410.
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2.3. Results
Bending behavior of azobenzene polymer film in various solvents
2.3.1.Bending
Films will start to expand immediately on immersion into solvent and may bend just as they
are immersed in solvents or as solvents evapora
evaporate from the polymer. Figure 2.4(a)
(a) shows an
example of the typical bending behavior for a rectangular piece of azobenzene polymer film after
the film is removed from dichloromethane
ichloromethane bath. There iis about a 10 % size increase before the
film is taken out from the solvent. Rapid contortions occur immediately and continue until all
the solvent evaporates away. The physical response is a rapid ‘back and forth’ motion. The
Th film
prefers to begin bending from one of the four corners and curl
curls along its longer side direction, as
shown in Figure 2.4(b).
(b). In Figure 2.5(a), an irregular “V-shaped”
shaped” piece of film with two arms

(a)

(b)

Figure 2.4. (a) Bending behavior of azobenzene polymer film in dichloromethane during
solvent evaporation with a ‘back and forth’ motion. (b) Schematic of film. Bending behavior
begins from one of four corners (blue arrows) and along length wise direction (black arrows).
a
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prefers to bend along the longer side direction for each arm, as sschematically
chematically shown in Figure
2.5 (b): bending starts from bluee arrows, and continue
continues preferentially
ly along the black arrows,
though in few instances,, bending in the green arrow directions also occurs.
(a)

(b)

Figure 2.5. (a) Bending of two--arm
arm azobenzene polymer film. The two arms bend
independently;; each one shows a similar be
behavior as the film in Figure 2.2.. (b) Schematic of
film. Blue arrows refer to the directions film begins bending, and black arrows are the preferred
directions film continues bending. Film can also bend though much less frequently in the
directions indicated by the green arrows.

Dichloromethane is not the only solvent which can cause the films to bend. Bending
behavior will also occur in toluene. In some instances the azobenzene polymer was observed to
show a ‘pulsing’ motion in toluene. As highlighted in Figure 2.6,, a piece of azobenzene polymer
film initially
lly curls when immersed into toluene, then the curled shape suddenly (< 1 s) tightly
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contracts, relaxes, contracts, relaxes, and then finally contract
contracts,, retaining the tightened
configuration.
(a)

(b)

Figure 2.6. (a) ‘Pulsing’ motion of azobenzene film in toluene. This curled film shows a
contracting and relaxing motion several times and then finally keeps the final tight state. (b)
Schematics shows the side view of beginning and end states. Film curls along tthe
he green arrows
(left) and forms the contracted shape (shape).

If a film is suspended, solvent exposure can cause a swinging type bbehavior.
ehavior. As shown in
Figure 2.7,, usually the film bends away from the direction of the approaching solvent. This
occurs immediately after the solvent drop contacts the film. Then quickly following that, the
film swings back.
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(a)

(b)

Figure 2.7. (a) Swing behavior of a hung up azobenzene polymer film. (b) Schematic top view
of the film behavior in (a). This film always initially bends opposite to the solvent exposure side
and then swings back.

The thickness of the polymer film can influence the behavior of the films on solvent
exposure. Table 2.1 presents the bending behavior of two different azobenzene polymer films in
dichloromethane. Both pieces of film were fixed at one end with glass slides. The thinner film
will bend to a larger degree, though it may take a longe
longerr time to reach the greatest point of
deformation. Figure 2.8 shows the variation in the bending process for two pieces of film. Also
worth noting is that the two sides of the film show different bending behavior due to a density
gradient across the thickness
kness of the films that occurred on polymerization; the bottom face of the
film,, the one in contact with the flask wall during synthesis, has the greater de
density.
nsity. SEM
images in Figure 2.9 show the difference of the two sides of the film.
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Table 2.1. Azobenzene polymer films bending behavior
Larger deformation (side A)* Smaller deformation (side B)*
Maximum
Thickness Length
Time (to reach
Time (to reach
(mm) before(mm) Length(mm) Bending largest deformation Bending largest deformation
degree
degree
status) (s)
status) (s)
0.071
3.6
4.3
90
50
25
200
0.143
3.8
4.2
75
20
45
230
*Side A refers to top face of film as grown and side B is side grown in contact with the flask.

Figure 2.8. Dynamic response for bending process of diazobenzene films – variation versus film
orientation and film thickness. (a) Larger deformation side for both films (side A); (b) smaller
deformation side for both films (side B). Side A refers to top face of film as grown and side B is
side grown in contact with the flask. (Thin film is 0.071 mm thick and thick film is 0.143 mm
thick.)
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(a) Side A

(b) Side B

(c)
Side A

Side B

Figure 2.9. SEM images. (a) Top face of film (side A). (b) Bottom face of film (side B). (c)
Cross-section of film. Side A, the side that faces up to the air when the film was cast shows a
smaller polymer density than side B, the side that faces down to the flask bottom when the film
was cast. Images were taken with Jeol JSM-5410.

The bending behavior for this polymer also happens in some other strongly interacting
solvents. Table 2.2 summarizes the solvents which cause bending behavior of azobenzene
polymer film, as well as those solvents that don’t. For the same film, dichloromethane (CH2Cl2)
and chloroform (CHCl3) give the fastest and largest deformation, while acetonitrile (CH3CN) can
only results in a small deformation when the film is immersed. N, N-dimethylformamide (DMF),
tetrahydrofuran (THF) and toluene take relatively longer time for the same deflection (contrast to
CH2Cl2 and CHCl3) and milder extent of deformation.
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Table 2.2. Interactions of solvents and azobenzene polymer films
Solvents which can cause film curl

CH2Cl2 ≈ CHCl3 > THF ≈ DMF > toluene > CH3CN

Solvents which do not cause film curl

Hexanes, acetone, methanol, ethanol, ethylene glycol

2.3.2. Bending behavior of other polymer films
The bending behavior is not a property unique only to azobenzene polymer. A number
commercial or in-house synthesized polymer films can show similar behavior. Latex, taken from
a section of a latex glove, is a typical example. In Figure 2.10, when a round piece of latex is
partially immersed in dichloromethane, the size of the piece increases dramatically (diameter
increases from about 7 mm to 10 mm), and then when removed from the solvent, bends back and
forth in each direction for several minutes until all the dichloromethane evaporates. It is
interesting to note that if we put the polymer film into a refluxing system, the bending behavior
can occur continuously for a relatively long time. In fact, we have carried out experiments in
both dichloromethane and toluene where contortions have occurred continuously for over a half
hour.

Figure 2.10. Bending behavior of a piece of latex glove piece (mainly cis-1, 4-isoprene) in
dichloromethane. Bending goes in each direction. This bending behavior will occur
continuously in a reflux system.
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Figures 2.11 and 2.12 show another two examples. The one in Figure 2.11 is the polymer
PETE (polyethylene terephthalate), taken from Kentwood spring water bottle, and it can also
show bending behavior in dichloromethane. Different from the examples shown before in this
chapter, this PETE piece bends down and not up. Figure 2.12 shows a piece of Scotch band tape
(acrylic polymer) exposed to dichloromethane. This piece also bends as the dichloromethane
evaporates, but it also partially dissolves in the solvent, once all solvent evaporates, an irregular
shaped polymer piece is left.

Figure 2.11. A Kentwood spring water bottle piece in dichloromethane. It bends towards the
bottom face.

Figure 2.12. A Scotch tape piece in dichloromethane. It bends as other films but partially
dissolved into the solvent. When solvent evaporates away, the residue is with an irregular shape.
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Table 2.3 lists bending behaviors of various common polymers in dichloromethane. With
proper choice of solvents, dichloromethane here, polymer elastomers will show a solvent
response behavior but the composition and thickness of the various films will result in different
behaviors.

Table 2.3. Bending behavior of various polymers in dichloromethane
Time to reach
largest deformation
(s)

Polymer films

Thickness
(mm)

Bending
(degree)

Length
before (mm)

Maximum
Length (mm)

Response
Time (s)

water bottle
(PETE)

0.189

~30

2.9

(does not
recover original
shape)

immediate

0.105

180

4

6

immediate

11

0.059

90

1.9

2.5

immediate*

5

0.050

~30-40

2.2

2.3

immediate
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Latex glove
piece (cis-1,4isoprene)
Scotch tape
(acrylic polymer)
Plastic bag
(polyethylene)

180

*partially dissolved

It is not only organic solvents which can cause polymer films to bend. Figure 2.13 shows the
bending process in water of a piece of polyethylene glycol (PEG) film (the PEG is crosslinked
with 4, 4´ –bis (6-acryloyloxyhexyloxy) azobenzene to give it color). It begins bending once it
contacts with water while at the same time its size increases. When the whole piece finishes
bending, the size has increased from 4 mm on an edge to 5 mm, and then once the water is
removed and the piece dries (it takes about 1 h), the size returns to 4 mm. Besides water, PEG
film also responds to acetone.
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Figure 2.13. Bending behavior of crosslinked polyethylene glycol film (left to right starting in
upper row). Last 2 frames (lower right) are after several bending cycles; in the first one the PEG
film has reached an expanded (swollen) status and in the second of the two, one hour after water
is removed the film will go back to its original shape.

2.4 Discussion
2.4.1.Mechanism of polymer film bending
Polymer chains can strongly interact with particular solvents. This interaction, or solvation,
happens quickly after the polymer chains come in contact with the solvent molecules. This
results in polymer chain expansion. For polymer films, when a piece of film contacts solvent,
solvation happens immediately between polymer chains and solvent molecules. Not all polymer
chains in a film can contact and interact with solvent molecules right away. Usually the solvent
contacts the film from one direction and it takes time for the solvent to penetrate the film so that
all polymer chains have the chance to interact with solvent molecules. As a result, solvation
occurs unevenly and film expands asymmetrically. This asymmetry leads to the film bending or
curling towards the un-solvated side. The bending behavior will continue until the absorption
and expansion is complete for all polymer chains. At the end of the solvent uptake, the film
clearly shows increased volume (swelling). During solvent evaporation, there will be a reverse
process. Solvent molecules leave the polymer chains and the chains contract to their normal
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state. This can also occur asymmetrically so the film bends again until all solvent molecules have
gone. Commonly the film will return to its starting volume after all the solvent evaporates.
Figure 2.14 shows a schematic process of the bending behavior.

Figure 2.14. Schematic process of film bending in effective solvents. Top left: the starting
point. Polymer chains coil before solvent absorption; top right: during solvent absorption,
because of the asymmetric process, some chains expand and film bends; bottom right: after all
chains finish interaction with solvent molecules, film expands (swells) evenly; bottom left:
partial solvent molecules leave during evaporation and so partial chains coil while others keep
expanded, and so film bend again. After all solvent molecules evaporate away, the film goes
back to starting status (top left).
As discussed in Chapter 1, for nonionic polymers (all the polymers in Chapter 2 are
nonionic), the interaction between polymer chains and solvent molecules can be based on van
der Waals forces, dipole-dipole interactions or hydrogen bonds. They may happen together or
separately. The strength of the interaction (solvation) is dependent on the total results of these
forces. With a relative high degree of crosslinking, polymers cannot dissolve but the solvation of
polymer chain segment between crosslinking points can still occur.
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2.4.2. Bending behavior of azobenzene polymer films
The azobenzene polymer used in this study has a structure shown as in Figure 2.3. The
monomer contains two C=C, which allows the polymer film to be a highly crosslinked one.
When the film contacts particular organic solvents, the polymer chains solvate, and expand, as
described above. If the film is put into the solvent, the lower side contacts the solvent first,
expands first, and film bends upwards. Finally the film expands evenly when the solvation
finishes and we can see an expanded film.
Orientation dependence. The two sides of the film have a density difference. Side B is
smoother than side A (Figure 2.9); side A, the side that faced up during formation, can be seen to
have a large number of indentations possibly a result of N2 gas that was released by the
decomposition of the initiator AIBN and the active boiling that was ongoing during
polymerization. Further, gravitational forces could also introduce a density gradient from side A
to side B during the solution polymerization with more polymer molecules aggregating on
bottom side, side B. A schematic film structure is shown as Figure 2.15. Zigzag shape on top
side represents the uneven surface produced in processing, and orange color gradient highlights
the polymer density gradient caused by gravity. We have observed pulsing behavior, which
might be due to a large density difference. If the density difference is really large, the swollen
side B has a larger size than side A, the film’s relaxed status is a curled one, schematically like
Figure 2.15 (b). This is what we have seen in Figure 2.6, the final balance reaches to a curled
shape. Effects caused by different polymer density on both sides are also shown in Figure 2.8,
where when side B faces up, higher density results more resistance and less degree of bending.
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(a)

(b)

side A

side B

Figure 2.15. (a) Schematic film structure of uneven surface and density gradient during
polymerization. Density gradient shown as color gradient. (b) Film with large density difference
on both sides curls automatically towards side A when solvent absorption finish
finishes.
es.
Bending direction. As solvent enters one side of a polymer, the polymer swells
asymmetrically such that the “dry” side curves inward and the “wet” side protrudes out. As the
solvent front moves through the polymer, the other side will eventually exp
expand
and so that symmetry
will be reestablished and any curvature disappears. In some cases, solvation and evaporation
compete such that these processes occur unevenly, so that the film will undulate back and forth
in a random fashion. If a film is laying flat
flat,, then evaporation will preferentially occur from the
upper face of the film such that the polymer chains of the upper side contract faster and the film
bends upright. When the film bends to the largest deformation, the other side of the film is more
greatly
ly exposed so that evaporation now occurs more readily from this side. This results that the
film sways between the two positions: largest deformation and orig
original
inal ones, as seen in Figure
2.4 and 2.5.. While during solvent asymmetric absorption, polymer cchains
hains on the side which is in
contact with solvent experience a larger expansion than the other side and the film always bends
to the opposite direction of solvent
olvent contact, as in Figure 2.
2.7.. These bending behaviors continue
until solvation and contraction reach a balance, when the film swells evenly or all solvent
evaporates away.
Thickness dependence. For the same composition but different thicknesses, polymer films
show slightly different dynamic bending process when in contact with solvents. Thicker ones

43

show slower and smaller deformation relative to the thinner ones. It is found that during solvent
uptake, thinner films have a larger swelling ratio; as shown in Figure 2.8, in 30 seconds, the
thicker film (0.143 mm) has an ~ 13 % length increase while thinner one (0.071 mm) shows
about 30 %. The two films have the same starting size and the rate of solvent absorption is the
same, before the larger one is finished swelling, the thinner film is completely solvated. This
also means that the thinner film curls more dramatically than the thicker one.
Solvent dependence. Different solvents have different interaction affinities with polymer
chains, so different solvents result in different degrees of bending and expansion for the same
polymer. Variations in behavior as a function of solvent are summarized in Table 2.2. As
mentioned in Chapter 1, those solvents strongly interact with a particular polymer are referred to
as “good” ones, those that do not are “poor”. The interaction can be expressed with the FloryHiggins parameter χ. Good solvents mean χ < ½ (including those χ < 0). The smaller the χ
value, the stronger the interaction. In his book Principles of Polymer Chemistry, Flory gave χ
values of several solvents with natural rubber17. Natural rubber (poly(cis-isoprene)) has a
structure like

.

Though it is different than the structure of azobenzene polymer that is discussed in this chapter,
both of the polymer chains have an extensive carbon backbone with only hydrogen substituents.
So it is reasonable if we use these χ values as a reference. The parameter values of the solvents
both Flory listed in his book and we tested for azobenzene polymer are: χ (chloroform) = 0.34, χ
(toluene) = 0.36, χ (acetone) = 1.37. Both chloroform and toluene have a χ value smaller than
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0.5 and acetone has one larger than 0.5. This is consistent with our results where we see strong
polymer interacts with chloroform and toluene and poor interactions with actone.
2.4.3. Bending behavior of other polymers
As discussed above, films with rectangle shapes have a preferred bending direction. If the
film has a round shape, as Figure 2.16, each direction around the film has the same chance to
contact solvent. Films with this shape can bend without favoring a particular direction, as shown
in Figure 2.10. It is also notable that the film can invert itself (at 120 s). This is due to the
homogeneous density distribution on both sides; this is different from the azobenzene polymer
which has a density gradient. In a reflux system, partially immersed latex films can continuously
demonstrate an uneven swelling and so bending in this material continues until the behavior is
interrupted or the film deteriorates.

Figure 2.16. Schematic of a round latex piece. Film can bend with equal probability in each
direction.

Flexible films often relax after solvents evaporate away. For rigid ones, like the one in
Figure 2.11, conformation may be ‘frozen’ sometime after the deformation. The one in Figure
2.11 bending towards bottom face may be due to the material preparation techniques. The piece
was cut from a water bottle, and the bottom side was the bottle inside wall, should be the side
that bears more tensile force. In solvent, a film can show more flexibility and so bends towards
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the side which is more ‘relaxed’ or stable, just like the one in Figure 2.6 where the stable status is
the curled conformation.
Solvents which cause polymer films bending or curling are not limited to organic solvents.
It is possible that some polymer films show a similar response in water; films fabricated with
polyethylene glycol (PEG), for example, readily contort on exposure to water. A strong
interaction, in this case hydrogen bonding, exists between the PEG and water molecules. With
asymmetric water absorption, PEG films also bend asymmetrically on contact with water, as
shown in Figure 2.13.
2.5 Conclusions
Many polymer materials, including water-responsive ones, show significant bending
behavior in strongly interacting solvents (good solvents). The mechanical response is based on
asymmetric swelling of the polymer film and can be quite rapid (seconds). Since the driving
force is based on a simple volume expansion, fabrication of polymer films with variable density,
or layered or co-polymer films with asymmetric structures, could allow for the formation of new
effective actuator systems.
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Chapter 3
Instantaneous Deformation of Asymmetrically Metal-Coated Polymer Wires
3.1. Introduction
Bilayer polymer materials have been extensively studied in recent years1-11. The bilayer
structure can be composed of polymer-polymer or polymer-metal combinations. Usually the two
materials have different properties such as variations in hydrophilicity or conductivity. When
they are placed in certain environments, the different properties will introduce special actuation
to the bilayers which could not happen to monolayer structure on its own. The most common
type of actuation is bending or curling behavior. For example, Kelby and Huck9 reported an AuPMETAC (poly (methacryloxyethyltrimethylammonium chloride)) composed micron-sized
objects prepared by a microcontact printing method. The objects readily coiled in either water or
ionic aqueous solution (NaCl). Changing of the gold thickness and ionic strength can cause
change of the coiled ring diameter.9
In an another system based on polymer bilayers, Guan et al. fabricated polymer-polymer
micro-bilayer structures with a soft lithography method.10 Both Chitosan/PEGMA-co-PEGDMA
copolymer bilayer (PEGMA = poly(ethylene glycol methacrylate), PEGDMA = poly(ethylene
glycol dimethacrylate)) and Poly(methacrylic acid) (PMAA)/PEGDMA bilayer structures were
prepared and folded once they were put into water. In contrast, the monolayer structure
remained flat in water. The folding behavior was caused by the different swelling ratios of the
two compositions of the bilayers. The extent of folding can be changed by changing the ratio of
the two components of the copolymer for the first bilayer structure and the ratio of the two
polymers for the second one.
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In this chapter, a fabrication method for the production of micro-sized silver-polymer
bilayer wires is presented. The method is a combination of hard-template micro-sized polymer
material fabrication and metal sputtering. Similar with the examples above, the bilayer wires
show bending behavior in proper organic solvents as long as the proper thickness ratio of the two
components is achieved. Further dynamic studies show that the behavior can be an
instantaneous one.
3.2. Experimental
The reagents 4-ethoxyaniline, phenol, 6-chloro-1-hexanol and acryloyl chloride were
purchased from Alfa Aesar and tetrabutylammoniumbromide from Sigma-Aldrich. All were
used as received. 2, 2’-azobisisobutyronitrile (AIBN) was purchased from either Sigma-Aldrich
or Fisher Scientific and recrystallized from methanol before use.
The monomer, 4-ethoxy-4´-(6-acryloyloxyhexyloxy) azobenzene, was synthesized as below.
The corresponding diacrylate crosslinker, 4, 4´-bis(6-hydroxyhexyloxy)-azobenzene was
synthesized as described in Chapter 2.
4-Ethoxy-4´-hydroxyazobenzene (5). 4-Ethoxy-4´-hydroxyazobenzene was synthesized
following a similar method to that used for 4, 4´-dihydroxyazobenzene as described in Chapter 2.
20 mL (0.155 mol) of 4-ethoxyaniline was dissolved in a mixture of 41 mL of water and 41 mL
of concentrated HCl to form a suspension. Then the mixture was vigorously stirred while cooling
in an ice-water bath. A solution of 11.715 g (0.170 mol) of sodium nitrite/35 mL of water was
added with a dropping funnel. Concurrently, 14.588 g (0.155 mol) of phenol was dissolved in 15
g of sodium hydroxide/50 mL of water and cooled to 0 °C. Diazotization solution (the first
reacted solution) was added to phenol solution dropwise. Then HCl (12 M) was used to adjust
pH to around 1. The reaction continued for another 2 hours with stirring. The precipitate was
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filtered and washed with excess distilled water until a pH 7 was achieved. The crude product
was recrystallized three times with acetone/water. Yield: 20.926 g (55.73 %).
1

H-NMR (in acetone-d6, ppm): 9.01 (s, 1H), 7.82 (dd, 4H), 7.05 (dd, 4H), 4.15 (q, 2H), 1.41

(t, 3H).
4-Ethoxy-4´-(6-hydroxyhexyloxy) azobenzene (6). 4-Ethoxy-4´-(6-hydroxyhexyloxy)
azobenzene was synthesized following the method of preparing 4, 4´-Bis (6acryloyloxyhexyloxy) azobenzene as Chapter 2. This reaction was carried out under dry
nitrogen. 5.511 g (22.75 mmol) of 4-ethoxy-4´-hydroxyazobenzene, 6.289 g (45.50 mmol) of
potassium carbonate and 0.275 g (5% amount to 4, 4´-bis (6-acryloyloxyhexyloxy) azobenzene)
of tetrabutylammoniumbromide were dissolved in 20 mL of anhydrous dimethylformamide
(DMF). The mixture was heated to 90 °C. 3.3 mL (24 mmol, 3.4 g) of 6-chloro-1-hexanol was
added dropwise. The reaction lasted 48h at 90 °C. The reaction mixture was cooled to room
temperature and slowly poured into 100ml of 6M HCl. The precipitate was filtered and washed
with an excess of distilled water until the pH was 7. The product was vacuum dried and then
recrystallized from acetone. Yield: 7.419 g (95.2 %).
1

H-NMR (in acetone-d6, ppm): 7.86 (d, 4H), 7.08 (dd, 4H), 4.16 (q, 2H), 4.10 (t, 2H), 3.56 (t,

2H), 1.82 (quin, 2H), 1.59-1.42 (m, 6H), 1.41 (t, 3H).
4-Ethoxy-4´- (6-acryloyloxyhexyloxy) azobenzene (7). This reaction followed the
published work of Angeloni et al.,12 and was also carried out under dry nitrogen. 1.345 g (3.928
mmol) of 4-ethoxy-4´- (6-hydroxyhexyloxy) azobenzene was dissolved in 30 mL of
tetrahydrofuran (THF). 0.66 mL (4.714 mmol, 0.477 g) of triethylamine was added. 0.38 mL
(4.714 mmol, 0.427 g) of acryloyl chloride was added dropwise with vigorous stirring. The
reaction was carried out overnight. The mixture was filtered and the precipitate was washed with
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THF several times and combined to filtrate. THF was distilled off. The product was dried under
vacuum. Yield: 0.992 g (63.7 %).
1

H-NMR (in acetone-d6, ppm): 7.86 (d, 4H), 7.08 (dd, 4H), 6.34 (d, 1H), 6.15 (q, 1H), 6.87

(d, 1H), 4.19-4.10 (m, 6H), 1.43-1.33 (m, 11H).

Figure 3.1. Synthesis of product 5, 6 and 7.
Fabrication of azobenzene-polyacrylate polymer wires. Micron-sized polymer wires
were fabricated in a 300 µm thick glass capillary array (GCA) template with channels of 5 µm
diameter (PHOTONIS USA Inc.). GCA template was attached to a piece of glass slide (1 cm ×
1.5 cm) with Scotch tape, and then the mixture of monomer, crosslinker and
azobisisobutyronitrile initiator (AIBN) with a weight ratio of 9:1:0.1, was placed onto the
template. Another piece of the glass slide of the same size was used to cover the mixture. The
two glass slides were fixed together with Scotch tape. The whole assembly was placed onto the
bottom of a flat bottomed flask. Three freeze-thaw cycles were applied and then the flask was
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heated to 90 ºC and kept overnight. Then the assembly was then taken out, the template was
carefully separated. Hydrofluoric acid solution (1%) was then used to dissolve the template.
(Caution! Hydrofluoric acid solutions should be handled with extreme care due to their toxicity,
corrosive nature,and immediate and long-term health effects.) Polymer wires were then washed
thoroughly with water and acetone.

Figure 3.2. Polymerization of product 7.

Sputtering of polymer wires. Polymer wires were dispersed on a silicon wafer and
sputtered with varying thicknesses of silver metal using a Denton Vacuum Desk II sputtering
system with a current of 40 mA. Average metal film thicknesses were estimated based on
FESEM cross-sectional observations of the silicon wafer surface.
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Deformation studies. Deformation studies were carried out on the sputtered wires after
moving them to a clean silicon substrate. Wires were transferred by gentlly rubbing the smooth
surface of a second piece of silicon wafer on the sputtered one. Drops of dichloromethane were
applied onto the second wafer.

Figure 3.3. Schematic for fabrication of micron-sized polymer wires.
Characterization. The bending processes were monitored and recorded with optical
microscopy Olympus BX51 with a video capture software ATI multimedia center, and images
were taken with this optical microscope or scanning electron microscope Hitachi S-4700.
3.3. Results
Wires are readily prepared using GCA membranes. Figure 3.4(a) shows a plain GCA
membrane and Figure 3.4(b) is the membrane filled with polymer. Wires were dispersed when
the membrane was removed, as shown in Figure 3.4(c). Separated wires have a homogeneous
diameter of 5 µm, and the longest length is 300 µm, which corresponds to the membrane’s
thickness. Not all wires are this long: appoximately half of the wires have a length between 300
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and 150 µm.
(a)

(b)

(c)

Figure 3.4.. Optical microscopy images. (a) Blank GCA membrane. (b) GCA membrane with
polymer wires in the channels. (c) Separated micron wires. 5 µm diameter.
The deformation behavior of a series of wires was investigated. On application of one drop
of dichloromethane, wires with different thickness
thicknesses of sputtered silver show different
deformation behavior. Wires with silver thicknesses of 50 to 200 nm show instantaneous (< 1s)
curling. The
he ones with 50 nm silver however will initially bend but then exhibit a rapid
recovery, back to their original shape. In those wires with 100 nm thick silver coating, the
recovery also occurs but is slower. For a silver thickness of 200 nm, the wire shape
sha is retained
even after solvent evaporation. For much thicker films (e.g. ~ 300 nm), the wires will curl more
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slowly on solvent exposure with the extent of deformation reduced. Finally, at even greater
thicknesses, >350 nm, the metal component will not bend and wires retain their linear structure
even with repeated solvent exposures. Table 3.1 summarizes the variation in deformation
behavior as a function of metal film thickness.
Table 3.1 Deformation behavior of polymer wires as a function of metal film thickness.
Silver thickness (nm)

Deformation

0

Slight or no deformation

50

Instant deformation with immediate recovery

100

Instant deformation with slow recovery

200

Instant deformation with retention of curled structure

300

Slow deformation with retention of curled structure

>350

No deformation

A wire with proper silver thickness can curl instantly and retain shape after solvent
evaporates. Figure 3.5 shows the typical bending behavior of a 200 nm silver-coated wire when
dichloromethane is applied. The wire begins curling immediately, in a fraction of a second, once
it is in contact with dichloromethane, and this behavior continues until the wire forms a ring.
This configuration is retained after the solvent evaporates away.
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Figure 3.5. Apply CH2Cl2 to silver sputtered single wire. Wire curls instantly (< 1 s) to form a
ring and the configuration remains after the solvent evaporates away. Pictures were captured
from real time movie, which was taken with Olympus BX51 optical microscopy.

A group of wires which were sputtered simultaneously show similar bending behavior when
exposed to the same solvents. Figure 3.6(a) gives a low magnification-overview of
dichloromethane- treated polymer wires with 200 nm sputtered silver coating. Individual
dispersed single wires can readily curl. For multiple wires that are in direct contact with each
other, the curling will be diminished. The number of loops of a curled wire and the direction of
curling are dependent on the wire length and the distribution of silver along the wire. Figure
3.6(b) and (c) are enlarged images of the highlighted areas in (a). Both of them are multiple loop
conformations.
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(a)

(b)

(c)

Figure 3.6. SEM images. (a) Large area with 200 nm silver sputtered micron wires, after
CH2Cl2 drop applied. (b) and (c) Enlarged from (a), corresponding to highlighted areas.

Though prepared with the same method and coated with almost the same thickness of silver,
wires can still form different configurations. Figure 3.7 shows a series of curled wires. The
curled wires can show different handedness, such like Figure 3.7(a) (right-handed) and Figure
3.7(c) (left-handed), including those with dirrerent handedness shown on one wire, as Figure
3.7(d). When two or more wires are in close proximity at the time of convolution, interlocking
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ring structures can form (Figure 3.7(e)). Wires always bend towards the sputtered side, and the
sputtered silver film shows splitting along the film edge, as seen in Figure 3.7(b), which is
enlarged from Figure 3.7(a). Though most wires obtain a spiral configuration, other geometries
can also occur. Further structural variations can be observed should the introduction of solvent
occur nonuniformly; an S-shaped polymer wire structure, for example, is shown in Figure 3.7(f).
The formation of an S-shaped structure is shown as Figure 3.8. In all these curling events, the
metal coating is impacted on formation of the various wire structures, where regular splitting
along the edges of the film is seen (Figure 3.7(b)).
Though the metal coating helps the dynamic response of the wire to solvents, removal of the
silver metal will not affect the retained shapes, as shown in Figure 3.9, no matter if the metal is
fully (Figure 3.9(a) and (b)) or partially (Figure 3.9(c) and (d)) peeled off.
All above data are on addition of dichloromethane. Other solvents may also cause the
curling behavior but the curling degree and speed may vary. THF for example produces a slower
relative deformation time (~ 5 s) and an overall smaller deformation in wires with a 200 nm
silver coating.
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(b)

(a)

polymer
silver
splitting

(c)

(d)

(e)

(f)

Figure 3.7. SEM images of a series of deformed wires. (a) Right- and (c) left-handed helical
wires. (b) High magnification image of the splitting on the edge of the metal coating. (d) A wire
with both right- and left-handed helices. (e) two interlocked rings. (f) S-shape.
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Figure 3.8. ‘S’ shape formation. Pictures were captured from real time movie, which was taken
by Olympus BX51.

(a)

(b)

(c)

(d)

metal
polymer

polymer
metal

Figure 3.9.. (a), (b) and (c) Optical microscopy images and (d) SEM images of polymer wires
after removal of silver metal with nitric acid.
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A further role of the solvent can be realized in terms of joining wire segments. On extended
exposure to DCM, the surface of the polymer wire may become tacky caused by partially
dissolution of the polymer at the surface. This can allow for fusing between segments. Figure
3.10(a) and (b) show the joined segments of a coiled wire and the formation of a T-junction,
respectively. Such abilities could serve in construction of more intricate geometries when used
in combination with the convolution of wire arrays.

(a)

(b)

Figure 3.10. Polymer wires can fuse at point of contact. (a) Two wires joined along their length
and (b) wires fused to form a T-junction.

Furthermore, this curled structure can be retained over long periods without degradation.
The two curled wires shown in Figure 3.11 have been stable over a year. And, the wires
sputtered one year ago can also curl without obvious difference relative to those that have been
freshly prepared.
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Figure 3.11. Curled wires can keep configuration for more than one year. Wires curled in July
2010 and images were taken in August 2011.

3.4. Discussion
Polymer wires were fabricated withn a GCA membrane (Figure 3.3). The wire diameter is
determined by that of the membrane channel. With homogeneous channels, wires all have the
same diameter. While during the channel filling, some of them may not fully filled, which leads
to shorter wires exist. Shortening of wires can also occur if they break during the removal of
membrane.
The sputtering of silver introduces asymmetry to the wires. When solvent interacts with the
wires, only the side without coating comes in contact. As discussed in Chapter 2,
dichloromethane is a good solvent for the azobenzene polymer we use here. This means there is
a strong favorable interaction between the polymer chains and the solvent molecules. The
interaction causes the polymer chains to expand and separate from each other, and as a result, the
polymer swells. On the side with the sputtered metal, the coating prevents contact between the
polymer and the solvent and prohibit the swelling of polymer from this direction. Consequently
the wire deforms and bends toward the coating direction.
During the deformation process, the wire always curls toward the silver coating and the
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coating cracks along the edge, as shown in Figure 3.
3.7(b).
(b). Here the metal adhesion and strength
opposes the expansion of the polymer and the structure is the result of two opposite forces. For
thinner metal coatings, expansion exceeds the strength of the metal film such that the metal
breaks into pieces, allowing the polymer wire to snap back ((schematic
schematic process as Figure 3.12).
3.12
For thicker coatings, the wire remains straight. Only for proper metal coating thickness,
thickness is the
wire able to obtain and retain its curled structure. Though in those instances where wires are
grouped together, they do not swell and contort in the same fashion. This is reasonable in that
th
adjacent wire will effect solvent uptake and subsequent curling of wires.

Figure 3.12. Schematic dynamic process of a wire with thin metal coating when in contact with
proper solvent. The wire curls first and snaps back with metal coating broken.
(a) to (d) illustrates the mechanism by which the wires contort and retain their
Figure 3.13(a)
structures. When the wires swell on exposure to solvent, the metal coating not only serves to
direct solvent uptake to one side, but also bends irreversibly with bbreaking
reaking along the metal film
edge, this then allows retention of the curled structure. After the solvent evaporates and swelling
subsides, the polymer itself becomes rigid with retention of the shape. If the metal component is
removed with nitric acid, this
his structure is still retained as shown in Figure 3.9.
Sometimes ‘S’ shape occurs. As shown in Figure 3.13
3.13(e)
(e) and (f), it is believed that the wire
twists before and/or during contact with the solvent. The wire always curls towards the metal
side, so curling
rling behavior of a twisted wire results in an ‘S’ shape.
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Figure 3.13. Mechanism for deformation of polymer wires. (a) Metal-coated micron-sized
polymer wire; (b) on exposure to solvent, polymer component swells and metal film bends; (c)
curling occurs in less than 1 s; (d) structure is retained after evaporation of solvent. (e) Wire
twists during swelling; (f) ‘S’ shape forms.
Solvent identity is important to the rapidity of the swelling process.13 This simply relates to
the strength of the solvent-polymer interaction.12, 14-15 With a smaller interaction strengh, or
referring to a higher value of Flory-Huggins parameter χ as discussed in Chapter 1, THF for
example produces a slower relative deformation time (~ 5 s) and an overall smaller deformation
caused by a smaller swollen volume in wires due to the lower interaction strength of THF
relative to DCM.
This asymmetric swelling technique offers an effective method for inducing curvature in
polymer wires with any polymer components. Our previous work has shown that a range of
polymer-solvent combinations are possible including those with water. Other methods for
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curved wire fabrication have
(b) been reported; many of these involve the direct formation of wires
with intrinsic curvature (e.g. helices),16 while others observe reversible convolutional processes
on ultrathin metal nanowires.17 In the method presented here, we start with a linear structure and
are able to induce curling. A preference is shown for helical structures, but one could envision
utilizing this approach to strictly control final architectures; possible approaches include 1)
patterning the metal film along the length of the wire to induce segments of curvature, 2)
carrying out the convolution step in a confined geometry, or 3) controlled nonuniform
introduction of solvent. In terms of applications for this method, one could utilize it in the
construction of 3-D architectures for applications as passive or active devices.18-19 Possibilities
will depend on the specific polymer or polymer composites used and could include left-handed
materials,20 magnetic vortices,21 actuators devices (micro- or nano-electromechanical devices
MEMs, NEMs),22-24 or mechanical sensors.25
3.5.Conclusions
Micro-sized polymer wires were successfully fabricated in a GCA membrane. After release
from the membrane, asymmetric coating of wires can lead to structures that can be irreversibly
manipulated. Proper thickness of metal (here silver) coating allows the wires to retain their
structures after deformation occurs. The deformation happens instantly (< 1s) and can be
monitored by optical microscopy. The conformation can be maintained even after silver is
removed.
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Chapter 4
Response of Azobenzene Polymer Micro-Wires to UV Light
4.1. Introduction
As described in Chapter 1, azobenzene has both cis- and trans- isomers, and the two can
interconvert under certain conditions such as with light or heat exposure. The molecule length
changes due to the isomerization. This gives a possibility that azobenzene-contained materials
show a phototropic response such that the side facing to the light source contracts due the
transition from trans to cis when the materials are irradiated by UV light.
Materials containing azobenzene have been studied, from macro- to micro- to nano-sizes.
Representative examples include polymer films that show bending behavior with UV light
exposure, and relax under visible light.1-2 If the azobenzene moieties are aligned, the film
bending direction follows the aligned direction.2 A later study shows that the bending behavior
is nonlinear with respect to time, and the two sides of a film can show different behaviors due to
density gradient created in the film’s preparation.3
As to micro- and nano-sized materials, one example is that azobenzene containing
molecules are dispersed within nanopores of silica matrix to mimic solution-like conditions so
that the azobenzene can undergo a faster trans-cis-trans photoinduced isomerization and this
provides a possibility to apply the system to data storage as a WARM (Write Any number of
times and Read Many times) system.4 Azobenzene can also graft to other molecules and be used
to fabricate micro- and nano- sized materials.5-8 For example, azobenzene is grafted to DNA and
with this azobenzene-grafted DNA as template, a photo-controllable, reversible
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assembly/disassembly protein array system is fabricated. This protein system has potential
application in biological devices.8
In this chapter, we are working to monitor the real-time response of micro-sized
azobenzene-contained polymer wires to light irradiation under an optical microscope. A similar
approach was applied to the real-time monitoring of biomolecular interactions.9
4.2. Experimental
Fabrication of azobenzene polymer wires. This fabrication is the same as described in
detail in Chapter 3.
Characterization of polymer wire response to UV light. Wires were dispersed on silicon
wafers and positioned under an on the optical microscope. A UV light source was placed about
25 cm from sample. Both still images and videos were taken to monitor the wire response.
An Olympus BX51 optical microscope was used to monitor the wire’s behavior. The UV
light source was a UVP Black-Ray B-100AP 365 nm high pressure mercury lamp with a 100 W
spot bulb. The visible light source was a UVP Black-Ray B-100YP 570 nm high pressure
mercury lamp or natural light source (room light).
4.3. Results
Micron-sized azobenzene polymer wires bend when exposed to 365 nm UV light. Figure
4.1 is a typical example (the wire is color enhanced for better viewing). This single wire shows a
continuous bending behavior under UV light and this behavior continues for more than three
hours (200 minutes total) until the UV light source is turned off. Figure 4.1 also shows the
bending process is slower than the relaxing process. It took the wire 80 minutes to bend from
37º deformation to 50º (frame e-h) with UV light irradiation, while only 6 minutes to relax after
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UV light off (frame h-i).
i). The method of measure of the bending deformation (degree θ) is
shown in the last frame (frame l) of Figure 4.1. The visib
visible
le light source doesn’t bring obvious
difference to the wire relaxing process. A plot of the degree of bending as a function of time
(Figure 4.2) shows that though the wire bends almost linearly at the beginning, the rate of
bending appears to decrease after
ter 150 min. Moreover, though the wire recovery is a faster
process under visible light than the bending under UV light, the recovery attenuates very quickly.

Figure 4.1. Bending behavior of a micron
micron-sized
sized azobenzene polymer wire under 365 nm UV
light and visible light irradiating. 365 nm UV light source is turned on at the first image and
turned off after 200 minutes. After another 17 minutes, 570 nm visible light source
sour is turned on,
and turned off after 20 minutes. The last frame shows the measurement of one wire end bending
degree θ.. Here ‘a’ is the beginning point, and ‘b’ is the deformed point.
In addition to monitoring the wire response on a flat silicon subs
substrate,
trate, the bending behavior
was also examined on suspended wires (Figure 4.3). Suspended wires bend down under UV
light and then recover under visible light.
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Figure 4.2. Plot of bending degree as a function of time for the wire in Figure 4.1. The bending
degree increases when the wire is under UV light and is almost linear at the beginning 150 min,
and then slows down. The bending degree decreases when the wire is under visible light and is
nonlinear to time.

1

2

Figure 4.3. Bending behavior of micron-sized azobenzene polymer wires bending at the edge of
a silicon wafer under the irradiation of 365 nm UV light. The red lines were inserted to help
guide the eye. Both the wire on the left (1) and the wire on the right (2) move down on exposure
to light. The first five frames (a-e) are under UV light and the left four (f-i) are under visible
light. Images are 5 minutes apart.
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With UV light irradiation, a group of wires show similar behavior, bending towards the light
source with similar bending rate, shown as Figure 4.4.

Figure 4.4. Bending behavior of a group of micron-sized azobenzene polymer wires under 365
nm UV light. All the wires here bend toward the same direction here. Images were 10 minutes
apart. Red lines are for direction indication.
This bending behavior can be repeated. That is, the wire relaxes when UV light source is
turned off; and once the UV light source is on again, the wire shows the same bending behavior
with the same bending speed and the same bending direction.
4.4.Discussion
Micron-sized azobenzene polymer wires show bending behavior when they are exposed to
365 nm UV light. As mentioned in Chapter 1, azobenzene converts from trans-isomer to cisisomer when it is exposed to UV, which leads to an about 0.4 nm shortening for each azobenzene
molecule unit, and so each monomer. When the wires containing azobenzene chromophores are
exposed to UV light, the side towards the light source has more azobenzene molecules which
undergo a trans- to cis- isomerization and so this side becomes shorter than the other side. As a
result, the wires bend towards the light source. When the wires are exposed to visible light,
azobenzene chromophores isomerizes back from cis- to trans-, which leads to the relaxing of the
wires.
Furthermore, during the bending process, wires resist the deformation and during the
relaxing process, wires recover relatively quickly from the deformation. The resistance, caused
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by the wire elasticity, which tries to keep the wire straight, slows down the bending behavior. In
contrast, during wire relaxation, the elasticity accelerates the process. As a result, the wire
bending is slower than the wire relaxing.
The wire bending is much slower than reported for azobenzene film bending.1-3 Possible
reason might be the wire (5 µm × 300 µm)
m) is much smaller than the film (4.5 mm × 3 mm × 7
µm). Cross-section off the two is shown in Figure 4.5
4.5.. The light can easily penetrate a greater
fraction of the wire and so the two sides of the wire have a smaller energy absorption difference
than that of the film. For the wire, azobenzene molecules on the side away from the light source
also experience isomerization so that the exposed wire has a smaller length difference between
the two sides.

Figure 4.5. Cross-section
section of the wire and film. The width of the film is not on true scale
ratio, it is as 600 times wide as the wire diameter.
In summary, micro-sized
sized azobenzene polymer wires sh
show
ow repeatable bending behavior with
UV/Vis light irradiation. Such material systems, though relatively slow, may be useful in the
development of actuators.
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Chapter 5
Grafting and Polymerization between Perovskite Layers
5.1. Introduction
Grafting of organic groups to perovskite layers has been extensively studied in recent years
by the Sugahara group.1-9
Though various functional groups have been attached to perovskite layers, examples
involving polymerization after the grafting step have not been explored. There have been,
however, reports of reactions with molecules containing C=C groups such as 4-penten-1-ol,9 and
with polymer molecules such as a poly(dimethylsiloxane)-tetramethoxylsilane mixture (PDMSTMOS)5 as well as polyethylene glycol (PEG).7 In the reactions with PDMS-TMOS, perovskite
layers were then exfoliated with a hydrolysis process after grafting of the polymer chains.
Polymerization of aniline between perovskite layers was also reported where aniline was
intercalated, not grafted, into the perovskite slab and existed in the interlayer as free aniline until
polymerization.10
In this chapter, methods involving the polymerization of groups grafted onto perovskite
layers will be introduced. Grafting reactions begin from protonated layered perovskite
HLaNb2O7 with soft chemical method and followed by monomer grafted onto the perovskite
slabs via an exchange reaction. The functional groups of monomer allow for polymerization
between the perovskite layers.

5.2. Experimental
Preparation of RbLaNb2O7. This compound was prepared as reported previously.11
Stoichiometric quantities of La2O3 (Alfa Aesar, 99.99 %), Nb2O5 (Alfa Aesar, 99.9985 %) and a
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25 % molar excess of Rb2CO3 (Alfa Aesar, 99 %) were mixed and ground well. The mixture
was reacted at 850 ºC for 12 h, cooled and ground again, followed by another 24 h heat treatment
at 1050 ºC. The product was washed thoroughly with distilled water and oven dried at 72 ºC for
12 h.
Preparation of HLaNb2O7. This compound was prepared by an acid treatment of
RbLaNb2O7 as described by literature.2 50 mL of 6 M HNO3 was added to 5 g of RbLaNb2O7 in
a 100 mL round bottom flask and stirred vigorously at 60 ºC for 3 days. The product was filtered,
washed thoroughly with distilled water and overnight oven dried at 72 ºC.
Grafting with propoxy group. Following the method of Sugahara and coworkers,2 1 g of
HLaNb2O7 was stirred in a mixture of 30 mL of n-C3H7OH and 3 mL of H2O and refluxed for 7
days. Products were centrifuged, washed with acetone, and overnight oven dried at 72 ºC. The
product from this reaction is designated as n-C3H7O-HLN.
Grafting with decoxy group. Following the reported method,2 2 g of n-C3H7O-HLN were
reacted with a mixture 40 mL of n-decanol and 1 mL of H2O at 80 ºC for 7 days. The product
was centrifuged, washed with acetone, and oven dried overnight at 72 ºC. The product is
designated as n-C10H21O-HLN.
Grafting with 4-hydroxybutyl acrylate. 0.2 g of n-C10H21O-HLN were reacted with 0.4
mL 4-hydroxybutyl acrylate in a mixture of 9 mL of toluene and 0.04 mL of water under
nitrogen and refluxed 1 week. The product was centrifuged, washed with acetone, and air dried
overnight. Product is written as monomer-HLN.
Interlayer polymerization. 0.15 g of monomer-HLN and 0.0016 g of
azobisisobutyronitrile (AIBN) were mixed in 1 mL of toluene and refluxed 2 h. The product was

79

centrifuged, washed with acetone, and air dried overnight. The product is written as polymerHLN.
Characterization. Philips X’Pert PW 3040 MPD system equipped with a graphite
monochromator (Cu Kα radiation, λ = 1.5448Å) was used for powder X-ray diffraction
characterization. Thermal characterization was carried out on a Netzsch differential scanning
calorimeter (DSC) 404S. Thermo Scientific Nicolet IR200 FT-IR was used for infrared
spectroscopy characterization.
5.3. Results
RbLaNb2O7 and the various reaction products were all characterized with powder X-ray
diffraction (XRD). The results are shown in Figure 5.1. The (001) peak is shifted to higher
angles after RbLaNb2O7 was acidified to form HLaNb2O7 (Figure 5.1a and 5.1b); the (001)
reflection corresponds directly to inter-layer distance and the shift is expected for the resulting
layer contraction. After grafting with the various alcoxy groups (Figure 5.1c-5.1e), the layers
expand, consistent with the lengths of the various alkyl chains. The longer the chain, the greater
the layer expansion. Grafting of the smaller monomer results a layer contraction (Figure 5.1e),
and polymerization results in an even greater contraction.
Star (*) marked peaks in Figure 5.1 indicate material residue peaks. For the product of nC3H7O-HLN, repeated treatments with n-C3H7OH were not successful at removing the residue.
Further attempts to adjust the reaction conditions, which included changing the starting material
ratios, adding acid / base, prolonging / shorting the reaction time, and carrying out the reaction in
an autoclave, have been tried but without success. Another attempt involved preparing methoxy
or ethoxy grafted HLaNb2O7 following the literature methods6 and then reacting with n-propanol.
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Figure 5.1. Powder X-ray
ray diffraction of products: (a) RbLaNb2O7; (b) HLaNb2O7; (c) nC3H7O-HLN; (d) n-C10H21O-HLN;
HLN; (e) monomer
monomer-HLN; (f) polymer-HLN .
* Reaction residue generated from reaction (b) to (c).

The first reflection for a series of the grafted compounds is highlighted in Figure 5.2. In some
instances, clean samples could
ould be obtained. n-C3H7O-HLN
HLN was prepared from the reaction of npropanol and C2H5O-HLN
HLN but reaction between CH3O-HLN and n-propanol
propanol was also carried out
cleanly sometimes. However, these reactions cannot be successfully repeated cleanly each time
following the same procedure.
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Figure 5.2. Powder XRD pattern of (a) CH3O-HLN; (b) C2H5O-HLN prepared from reaction of
ethanol and HLaNb2O7; (c) n-C3H7O-HLN prepared from reaction of (b) and HLaNb2O7.

Calculated and reported unit cell parameters are summarized in Table 5.1. All the
experimental peaks were indexed on a tetragonal cell with space group P4/mmm. The values of
the c-parameters are the same as the d-spacing, showing the layer distance varies from product to
product. HLaNb2O7 has the smallest d-spacing, and the d-spacing of the grafted products is a
function of the length of the groups grafted. However, for the monomer-HLN versus polymerHLN, the layer distance shrinks after polymerization.
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Table 5.1. Unit cell parameters of products
a = b (Å)
calculated
reported
RbLaNb2O7
3.892
3.885(2)12
HLaNb2O7
3.861
3.894(3)12
n-C3H7O-HLN
3.861
-n-C10H21O-HLN
3.855
-monomer-HLN
3.885
-polymer-HLN
3.888
--

c (Å)
calculated
11.00
10.36
15.12
25.89
22.43
20.25

reported
10.989(3)12
10.459(7)12
15.32, 15.45
27.32, 7
---

HLN residue
(Å)
--10.63
10.50
10.71
10.72

Figure 5.3 shows SEM’s of all products. The appearances of the compounds don’t show
obvious morphological changes from one to another: plate-like structures are retained throughout.
Elemental analysis (EDS) of HLaNb2O7 has been collected too and shows that rubidium is 0 %.
Products were also characterized with DSC (Figure 5.4). The decomposition temperatures
of each of the grafted products vary as a function of species grafted. With each step of the
reaction series, the decomposition temperature of the products decreases. HLaNb2O7 doesn’t
show evidence of decomposition temperature until 600 ºC, while the polymerization product,
polymer-HLN, shows the lowest decomposition temperature of 261 ºC. Also, unlike the other
products, polymer-HLN has a broad decomposition peak.
IR spectra for the series of perovskite are shown in Figure 5.5. All grafted products,
corresponding to Figure 5.5(c)-(f), show the bending and stretching C-H peaks. While for
monomer-HLN and polymer-HLN, stretching peaks belonging to C=C and -C(=O)-O- groups
are observed (Figures 5.5e and 5.5f).
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(a)

(b)

(c)

(d)

(e)

(f)

Figure 5.3. SEM images show the morphologies of products. (a) RbLaNb2O7; (b) HLaNb2O7;
(c) n-C3H7O-HLN; (d) n-C10H21O-HLN; (e) monomer-HLN; (f) polymer-HLN.
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Figure 5.4. DSC pattern of all products. HLaNb2O7 doesn’t have any exo- or endo-therm peaks
below 600 °C, and all other products have two exotherm peaks each.
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Figure 5.5. IR spectra for: (a) RbLaNb2O7; (b) HLaNb2O7; (c) n-C3H7O-HLN; (d) n-C10H21OHLN; (e) monomer-HLN; (f) polymer-HLN.

5.4. Discussion
As discussed in Chapter 1, grafting is a topochemical manipulation where key structural
features are maintained. In this case the perovskite layers are retained throughout the series of
reaction steps. SEM images in Figure 5.3 show the morphologies of products, from the first step
product RbLaNb2O7 to the last step product polymer-HLN, did not change during any process.
Furthermore, elemental analysis of HLaNb2O7 shows that rubidium has been fully removed.
Powder X-ray diffraction patterns (Figure 5.1) provide crystallographic information on the
products. RbLaNb2O7 and HLaNb2O7 are in good agreement with reported data.12 Grafting
products have starting material residue peaks as marked (*). The impurity might due to
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unreacted HLaNb2O7 or LaNb2O6.5. Literature reported amounts of alkoxyl groups bound to
HLN after treatments with alcohols are 0.85 for n-propoxyl and 0.87 for n-decoxyl per [LaNb2O7]
unit2. Compositional data for n-propoxyl per [LaNb2O7] based on TGA is 0.72. The unreacted
impurity may contribute to this lower observed value.
XRD patterns show that the layer distance varies systematically for the series of products
(Table 5.1). The interlayer spacing equals the c value of unit cell. The distance between
perovskite layers decreases once RbLaNb2O7 gets acidified since H+ is a much smaller atom than
Rb+. With the grafting of group, layer distance increases with the increase of the chain length.
It has been shown that there is a simple correlation between the number of carbon atoms in the
chain grafted to the perovskite layer and the increase in d-spacing.6 The layer distance decreases
once the n-decoxyl group is replaced by the shorter 4-butoxyl acrylate group. This is consistent
with the chain length difference shown in Figure 5.6. The layer distance decreases further once
the C=C on acrylate group is polymerized due to the polymerization connects 4-butoxyl acrylate
groups together bringing adjacent perovskite slabs closer to each other. Before polymerization,
the two layers of grafted chains have a van der Waals gap between them. This gap exists among
all grafting products, as shown in Figure 5.6. After polymerization, the gap is replaced with
polymer bonds and the layer distance decreases.
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Figure 5.6. Designed polymerization between perovskite layers. Polyhedral block stands
for perovskite HLaNb2O7 slabs. Reaction between n-decoxyl-HLN and 4-hydroxylbutyl acrylate
leads to C=C group grafted to the perovskite structure and polymerization then carries out.
Marked chain lengths are calculated from reported length values of corresponding covalent
bonds. The tilt angle is according to the literature report6.

DSC data (Figure 5.4) reveals that each grafted product has two exothermal peaks. The first
one is the decomposition peak. The decomposition temperature becomes lower with each
successive step in the synthetic procedure. Table 5.2 summarizes the decomposition
temperatures of each product. All products have the same position for the second DSC peak,
which could belong to a recrystallization after decomposition or the oxidation of similar carbonrich decomposition products. Figure 5.6 shows the XRD results of CH3O-HLN and n-C10H21OHLN after DSC experiments. Contrast to the n-C10H21O-HLN product pattern, after DSC those
peaks from grafting results disappear, confirming that grafted organic chains have burned off.
Figure 5.7 also shows that different grafting products have the same residue patterns.
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Table 5.2. Grafting products decomposition temperature
n-C3H7O-HLN
n-C10H21O-HLN
Decomposition
317
288
temperature (ºC)

monomer-HLN

polymer-HLN

272

261
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Figure 5.7. Powder XRD patterns. (a) n-C10H21O-HLN; (b) n-C10H21O-HLN after DSC
experiment; (c) CH3O-HLN after DSC experiment. * Acrylic XRD plate peak.

For infrared (IR) analysis, as marked in Figure 5.4, the peaks in the range 2800-3000 cm-1
are belong to C-H stretching, and the peaks at 1455 cm-1 are C-H bending. The double peaks
located between 1100 and 1200 cm-1 are the stretching of –C(=O)O- group, and the peak located
around 1700 cm-1 is caused by C=C stretching.
The C=C peak is weak not only because itself is a weak one but also because the C=C
contained in monomer-perovskite and the residue in polymer-perovskite is not stable in the air.
XRD analysis of monomer-HLN reveals that after five months, the (001) peak shifts to right,
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(002) peak disappears. It is because C=C polymerizes itself in the air. As described in
literature,13 the oxygen in the air can react with unsaturated C=C double bond and form peroxide
radicals, which leads to a very slow polymerization. This polymerization leads to the monomerHLN peak disappearance and polymer-HLN peak appearance (Figure 5.8).
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Figure 5.8. Powder XRD patterns. (a) Monomer-HLN; (b) Monomer-HLN after 5 months in
the air; (c) polymer-HLN.
5.5. Conclusions
Polymerization reactions have been successfully carried out between perovskite slabs on
grafted groups. The products have been characterized by powder X-ray diffraction, DSC, TGA,
IR, and SEM. These results demonstrate a method for the polymerization of grafted groups on
perovskite layers, and opens up a new approach to new organic-inorganic composite materials.
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Chapter 6
Conclusions
Responses of polymer materials, films and micro-sized wires, to external stimuli — solvent
and light have been investigated.
Both synthesized and commercial polymer films were studied. Films show spontaneous
bending behavior either during solvent uptake or evaporation. Different polymer-solvent pairs
show different behaviors, from bending in all directions to no response at all. In addition to the
composition of polymer and solvent identity, the geometries, such as film thickness and shape of
polymer films, also affect the results. The mechanism for this behavior is based on simple
asymmetric polymer swelling.
Micro-sized wires can be fabricated within GCA membrane and dispersed by removing the
membrane with hydrofluoric acid. After sputtering silver metal on one side of the polymer wires,
these materials can also show instantaneous bending behavior in proper solvents, and in some
instances the distorted structures can be retained. The response depends on both the metal
thickness and the solvent used. For the same solvent, wires with thicker metal coatings bend
relatively slower; while those with thinner coatings bend spontaneously but with an immediate
snapback due to the decimation of the metal component. With proper thickness of the metal
coating, the curled shape can be retained. Most wires form ring loops, while others form ‘S’ or
other similarly distorted shapes.
Micro-sized azobenzene polymer wires also show bending behavior when irradiated by UV
and can be recovered under visible light. Dynamic response is much slower than solventmediated behaviors however. Overall bending is slower than recovery.
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Further, new inorganic-organic polymer hybrids have also been developed. With
topochemical manipulation, organic chains groups were grafted to the layered perovskite,
HLaNb2O7, and then the groups were substituted by C=C containing groups by an exchange
reaction. Polymerization then was successfully carried out within the perovskite layers.
Based on polymer systems, a series of polymer materials have been investigated. In the
case of solvent and light exposure, some materials show promising behavior for applications in
actuator devices and in one case a new inorganic-organic polymer hybrid was prepared. Such
materials may be important structural and, in the case of conducting polymers, electronic
materials.
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